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OpenFOAM. In the framework of the local time stepping 
(LTS) method the time step is not constant over the com-
putational domain, rather than it is a scalar field, depend-
ing on the local Courant number. This way the solution 
process can be considerably speeded up, compared to 
unsteady formulation.  The simulation started with the 
fixed ship attitude and after the convergence of the wave 
system the model was allowed to sink and trim. For tur-
bulence modelling 𝑘𝑘 − 𝜔𝜔 SST model of Menter was used 
with the automatic wall functions [4]. Unstructured hexa-
dominant computational grids were generated by 
StarCCM® trimmer mesher with the average 𝑦𝑦+ = 40. 
The middle line plane was considered a symmetry plane 
and thus only a half of the ship flow was calculated. For 
a half a ship meshes about 2M cells were produced. 
Computational cells near the ship hull had an isotropic 
cubic form with the edge length of 0.01m at the bow and 
at the stern and 0.02m in the cylindrical part of the hull. 
Cells, located at the free surface were refined down to 
0.005m in vertical direction. At the inlet and the outlet of 
the domain the control volumes were stretched in longi-
tudinal direction. Domain length was equal to 5𝐿𝐿𝑤𝑤𝑤𝑤: 2𝐿𝐿𝑤𝑤𝑤𝑤  
in front of the model and  2𝐿𝐿𝑤𝑤𝑤𝑤 after (it was chosen ac-
cording to experience [2]) 
 
Table 2. Summary of the considered cases (U in m/s) 
h/T 
U 
1.15 1.2 1.3 1.5 1.75 
0.48 RANS, 
RANS/LES 
RANS RANS RANS RANS 
0.64 RANS, 
RANS/LES 
RANS RANS RANS RANS 
0.81 RANS, 
RANS/LES 
RANS RANS RANS RANS 
0.97 RANS, 
RANS/LES 
RANS RANS RANS RANS 
1.13 RANS 
RANS/LES 
RANS RANS RANS RANS 
 
Discretization of convective terms was done using linear 
upwind interpolation. Diffusive terms were approximated 
using Green-Gauss scheme with linear interpolation and 
explicit correction of mesh non-orthogonality. For time-
stepping the Euler implicit scheme was employed. 
 
The computational methodology described above had 
already been successfully applied for the prediction of 
squat in a restricted fairway [2].  For the description of 
the OpenFOAM VOF algorithm the reader is referred  
to [3].  
 
2.4 HYBRID RANS/LES COMPUTATIONS 
 
For the hybrid computations only five cases were select-
ed (see Table 2). There were two reasons for this. First of 
all hybrid simulations should be conducted on finer 
meshes compared to RANS ones and therefore they are 
much more computationally expensive. The second rea-
son is that the aim was to investigate the unsteady effects 
in the wake and these were assumed to be the most in-
tense at the lowest ℎ/𝑇𝑇. 
Simulations were carried out using the unsteady VOF 
solver interDyMFoam. Initial trim and sinkage as well as 
the initial conditions for velocity, pressure and volume 
fraction fields were obtained from the local time stepping 
solver (see section 2.3). As previously, the model was 
free to sink and trim, but this time rigid body dynamics 
was also taken into account. For the integration of the 
equations of rigid body dynamics second order leapfrog 
method was adopted.  Coupling with fluid dynamics was 
performed in an iterative manner [5].  
 
Since the symmetry condition cannot be applied for 
scale-resolving simulations, the mesh was constructed for 
the whole ship and contained about l3M cells. The aver-
age 𝑦𝑦+ value was approximately 1. The gap between the 
ship hull and the fairway bottom was resolved using 35 
cells, including viscous layers. No wall functions were 
applied. The viscous layers were also added to the chan-
nel bottom. 
 
The RANS/LES turbulence model of Kornev et al. 
blends the Lilly’s version of Germano subgrid stress 
model with the 𝑘𝑘 − 𝜔𝜔  SST model of Menter depending 
on the ratio between the integral length scale and the 
local cell size. Details of the model implementation and 
validation can be found in [6] and will be omitted here.  
As it was described by some authors [7], application of 
upwind-biased schemes (even high-order) for the dis-
cretization of the convective term can influence the 
quality of hybrid simulations because of the increase of 
dissipation and therefore it is recommended to use cen-
tred schemes. Unfortunately the latter may become un-
stable in some regions of the flow and thus the blending 
between upwind and centred schemes is proposed, in 
which the blending factor depends on the local flow 
characteristics (strain rate, vorticity, turbulent viscosity, 
etc.) [7], so that the scheme turns to upwind in the RANS 
zone and to a centred one in the LES region. For all the 
hybrid simulations in the present study the convective 
term was discretized using the mixture of a second order 
linear upwind scheme with a centred one. The time step-
ping was performed by means of the Crank-Nicolson 
scheme. Diffusive terms were approximated in the same 
way as in RANS calculations (see Sec. 2.3).  
 
3 RESULTS AND DISCUSSION 
 
3.1 RANS RESULTS 
 
Computational results for the squat effect at the bow and 
at the stern are presented in the Fig. 2 and 3. From the 
computed data one can identify the following tendency. 
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